We present a computational study of terahertz optical properties of a grating-coupled plasmonic structure based on micrometer-thin InSb layers. We find two strong absorption resonances that we interpret as standing surface plasmon modes and investigate their dispersion relations, dependence on InSb thickness, and the spatial distribution of the electric field. The observed surface plasmon modes are well described by a simple theory of the air/InSb/air trilayer. The plasmonic response of the grating/InSb structure is highly sensitive to the dielectric environment and the presence of an analyte (e.g., lactose) at the InSb interface, which is promising for terahertz plasmonic sensor applications. We determine the sensor sensitivity to be 7200 nm per refractive index unit (or 0.06 THz per refractive index unit). The lower surface plasmon mode also exhibits a splitting when tuned in resonance with the vibrational mode of lactose at 1.37 THz. We propose that such interaction between surface plasmon and vibrational modes can be used as the basis for a new sensing modality that allows the detection of terahertz vibrational fingerprints of an analyte.
I. INTRODUCTION
Surface plasmon polaritons (SPPs) are electromagnetic waves that travel along the interface of a metal and a dielectric. They are bound to the interface due to the mixing of the electromagnetic field oscillation with the oscillation of free electrons in the metal 1 .
Their unique properties draw interest from a variety of fields 2 , such as nanophotonics 3 , solar cells 4 , biological imaging and sensing 5, 6 . The fundamental property of plasmonic excitations is the scaling of the plasma resonance frequency with the square root of the electron density:
To observe plasma resonances at Terahertz (THz) frequencies, the electron density typically needs to be lowered down to the n ∼ 10 15 − 10 16 cm −3 range, which is achieved in undoped or lightly doped semiconductors. For example, THz-frequency SPPs in doped
Si were found responsible for extraordinary transmission of subwavelength hole arrays 7,8 .
Alternatively, THz-frequency SPPs can exist on microscopically structured or corrugated metal surfaces 9-13 .
Indium antimonide (InSb) is a semiconductor well suited for the study of THz SPPs. It combines a temperature-tunable electron density with very high electron mobility, which is another requirement for the existence of well-defined SPPs. Because of the low bandgap of
InSb (E g = 170 meV), its intrinsic electron density at room temperature is about 10 16 cm −3 , which corresponds to the bulk plasma frequency (ω 2 p = ne 2 /ǫ 0 ǫ ∞ m * ) of ω p /2π ∼ 1.8 THz.
Propagating and localized surface plasmons on InSb surfaces and microstructures have been studied actively in recent years [14] [15] [16] [17] [18] [19] [20] , and the potential for THz sensing and spectroscopy has been pointed out 21 .
In this work, we show that a microscopically thin layer of InSb (2 − 8 µm thick) combined with a metallic surface grating, Fig. 1 , can serve as a sensitive THz SPP sensor. The micrometer-scale thickness allows the structure to operate in normal-incidence transmission mode, while the surface grating couples the incident THz radiation to the standing SPP waves at the InSb interface. This transmission-mode operation sets this structure apart from the recent THz sensing schemes based on wave propagation along the interface 13,21 or in a Figure 1 shows the basic plasmonic structure consisting of a gold grating on the surface of a 5 µm thick InSb sheet. We take the grating with a period d = 60 µm to be periodic and continue indefinitely in the x direction, and we take the whole structure to be infinitely long in the y direction. The THz wave is incident straight down along the negative z direction. The gold grating strips are 200 nm thick and 30µm wide with 30µm gaps between them. These dimensions place the grating comfortably within the range of conventional photolithographic fabrication methods. As the grating couples the incident THz wave to the SPP modes at InSb interfaces, its periodicity also determines the fundamental wavevector β 0 of the standing SPP modes: β 0 = 2π/d. Thus, we can model the dispersion of the observed SPP modes by varying the grating period d; we keep the strip widths and the strip gaps equal to each other in all simulations.
II. RESULTS AND DISCUSSION
A. Plasmonic response of the gold grating/InSb structure THz optical properties of the grating/InSb structure were modeled using commercial In the air/InSb/air trilayer theory, the propagating SPP modes exist at each of the two InSb/air interfaces. For sufficiently thick InSb, these SPPs are completely independent and identical. They are bound to the interface, with the decay lengths z 1 and z 2 in InSb and air perpendicular to the interface. The inverse quantities k i = 1/z i (i = 1, 2) are the imaginary wavevectors in the directions perpendicular to the interface. As the InSb thickness gets small, the SPPs at the two interfaces interact and split into even and odd modes based on the parity of the E x (z) field. In the interaction regime, the SPP dispersion relations are given by
and by
where k 0 = ω/c, β is the SPP wavevector along the interface, ǫ 1 and ǫ 2 are the dielectric permittivities of InSb and air, and a is the thickness of the InSb layer. The complex dielectric permittivity of InSb is approximated by the Drude model
where is the bulk plasma frequency, γ is the electron scattering rate, and ǫ ∞ is the background dielectric constant. We use the low-temperature InSb scattering rate of γ = 0.3×10 12 rad/s, which was confirmed to be relatively independent of plasma frequency in the range of interest. InSb background dielectric constant is ǫ ∞ = 15.6.
Equations (2) and (3) describe the SPP modes of odd and even parity, respectively 1 . (1) and (3). The odd mode dispersion was calculated by setting γ = 0 in InSb and assuming that the wavevector β ≫ ω p /c. In this case, we can take k 1 ≃ k 2 ≃ β and the odd mode dispersion for large wavevectors can be calculated from
where a is the thickness of the InSb slab. In Fig. 3 , we used the effective thickness a equal to twice the actual InSb thickness. This is necessitated by the spatial distribution of the observed electric field E z in the higher SPP resonance, as we will discuss below.
We compare the theoretical dispersion curves with the resonance frequencies found in our numerical simulation, where the SPP wavevector is determined by the grating period The separation between the even and odd SPP modes decreases with the bulk plasma frequency, as is evident in Fig. 2 . As the plasma frequency is decreased, the two modes merge into one resonant line. At ω p = 0.62 THz, only a single line appears in the spectra In the lower-frequency (1.36 THz) SPP mode, the electric field is concentrated in the gap between the gold strips of the grating. The x-component shows the same sign, Fig. 4(c) , and the z-component shows the opposite sign, Fig. 4(e) , at the upper and lower InSb interface.
Such behavior corresponds to the even mode in the simple trilayer theory and further justifies our assignment of the lower SPP resonance as the even mode. The electric field of the higherfrequency (1.42 THz) SPP mode is the highest under the gold strips inside InSb, which is most evident for the z-component E z in Fig. 4(f) . The spatial distribution of the field E z under the gold strips is consistent with the field of the odd mode in an air/InSb/air structure that is twice as thick. That is, if we "reflect" the field E z underneath the gold strip about the gold/InSb interface and into the upper half-space, we will obtain the correct field distribution of the even mode of the air/InSb/air trilayer with twice the thickness. For this reason, we used the effective thickness of 2a in Eq. (5) to determine the theoretical odd mode dispersion.
To gain further insight into the nature of the SPP modes in our structure, we plot the variation of the fields E x and E z along the x direction in Figs. 5(a,b) , where ω p = 1.44
THz. Since the grating is periodic in this direction, both fields can be written as Fourier series in terms of the fundamental wavevector β 0 = 2π/d, where d is the grating period. At the edge of the unit cell E z = 0, therefore E z (x) only contains sine terms in the Fourier series. Similarly, E x (x) reaches a local maximum (or minimum) value at the edge, so it only contains cosine terms. Figures 5(c,d) show the relative amplitudes of the main terms in Fourier series expansion of E x (x) and E z (x). The largest-amplitude term in the lower SPP mode is the second harmonic with the wavevector 2β 0 , with terms up to the third order being significant in both cases. We used the second harmonic wavevector to plot the even mode dispersion in Fig. 3 . The opposite sign of the first and second harmonic amplitudes of the lower SPP mode (red line in Fig. 5(c) ) indicates that the first and second harmonic cosine terms add constructively in the gap between the gold strips, while they add destructively underneath the strips. Similarly in Fig. 5(d) , the first and second harmonic sine terms of the lower SPP mode (red line) add constructively in the gap and destructively underneath the strips. At off-resonance frequencies, the electric field E z (x) becomes negligible. The The plasmonic sensor sensitivity is usually quantified as η = ∆λ/∆n (in nm per refractive index unit, nm/RIU) or as η = ∆f /∆n (in Hz/RIU). For the lower SPP resonance in our structure, we get η ≈ 7200 nm/RIU (or η ≈ 0.06 THz/RIU). This sensitivity is lower than that of the sensors based on guided surface plasmon waves, such as those propagating on spoof THz plasmon surfaces 23 (0.5 THz/RIU). The higher sensitivity of the sensors based on the propagating SPPs 13,23 results from an increased interaction length of the SPP wave and the analyte along the guiding structure. That sensitivity is not matched in our sensor, as it is based on normal-incidence transmission geometry. However, the simpler optical architecture that does not require the coupling of free-space radiation to the guided SPP modes and the fabrication that relies on conventional photolithography may make our sensor competitive in many application areas.
While the intimate link between the dielectric environment and the surface plasmon resonance enables the delicate sensitivity of plasmonic sensors, their selectivity often needs to be engineered by chemically functionalizing the plasmonic structures to be receptive only to a specific analyte 2,5,6 . By contrast, THz plasmonic sensors may allow us to implement both sensitivity and selectivity using the inherent properties of THz SPPs, because many molecular materials exhibit very specific spectroscopic fingerprints at THz frequencies, mostly of vibrational origin 13, [24] [25] [26] . Molecular detection and marker-free biosensing schemes based on such THz fingerprints have been proposed 13, 22, 24, 26 .
We examine the potential of our grating/InSb structure for THz molecular selectivity. We use lactose (α-lactose monohydrate) as a model molecular material, as it exhibits a strong vibrational resonance at 1.37 THz 13, 25, 26 . Figure 7 shows the computed transmission of the grating/InSb structure with a 1 µm thick lactose layer on the bottom surface. We model the lactose optical properties in the Lorentz model using the background dielectric constant ǫ ∞ = 4 (background refractive index n = 2) and a realistic Lorentz oscillator strength 25 .
We use the Lorentz model damping rate of 0.1 × 10 12 rad/s, which is exhibited by thin polycrystalline molecular films at low temperature 24 . For comparison, Fig. 7 also shows the transmission of the structure when the Lorentz oscillator strength is set to zero. When the SPP resonance is tuned away from 1.37 THz vibrational frequency, the vibrational resonance results in a 6% drop in transmitted intensity, Fig. 7(b) . When the lower SPP frequency is tuned in resonance with the vibrational frequency, the SPP absorption line splits into two absorption lines, with a significant increase in transmitted intensity, Fig. 7(a) . On resonance, the transmitted intensity increases by almost 50%, which is significantly higher than the 6% difference found away from the SPP resonance. The splitting of the lower SPP resonance suggests a coupling between the SPP and vibrational modes of the analyte (lactose). This coupling distinguishes our sensor from other propagating or localized surface plasmon sensors and suggests a new sensing modality, in which the SPP resonance is tuned to sample the frequencies in the vicinity of 1.37 THz. By measuring the shape and strength of the lower SPP absorption as the SPP frequency changes, we can distinguish the lactose layer at the bottom surface from other materials that possess a similar background dielectric constant but do not exhibit the sharp resonant absorption at 1.37 THz, Fig. 7(a) . In a similar fashion, this sensing modality can be employed for marker-free detection of other molecules with specific THz fingerprints. Transmission of the grating/InSb structure with the 1µm lactose layer with (blue line) and without (red line) the vibrational resonance when the SPP modes are detuned far away from 1.37 THz.
The arrows indicate the lower and higher SPP modes and the lactose resonance at 1.37 THz.
III. CONCLUSIONS
We have explored the THz-frequency optical properties of a micrometer-thin InSb slab with a gold grating and found a strong resonant response consisting of two SPP modes. 
